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Abstract
Understanding the morphological and physiological traits associated with improved filling efficiency in large-panicle rice varieties 
is critical to devise strategies for breeding programs and cultivation management practices.  Information on such traits, how-
ever, remains limited.  Two large-panicle varieties with high filled-grain percentage (HF) and two check large-panicle varieties 
with low filled-grain percentage (LF) were field-grown in 2012 and 2013.  The number of spikelets per panicle of HF and LF 
both exceeded 300, and the filled-grain percentage (%) of HF was approximately 90, while that of LF was approximately 75 
over the two years.  The results showed that when the values were averaged across two years, HF yielded 12.9 t ha–1, while 
LF yielded 11.0 t ha–1.  HF had a greater leaf area duration, biomass accumulation and transport of carbohydrates stored in 
the culm to the grains from heading to maturity compared with LF.  HF exhibited a higher leaf photosynthetic rate, more green 
leaves on the culm, and higher root activity during filling phase, especially during the middle and late filling phases, in relative 
to LF.  The length of HF for upper three leaves was significantly higher than that of LF, while the angle of upper three leaves 
on the main culm was less in both years.  Meanwhile, specific leaf weight of HF was significantly higher when compared with 
LF.  In addition, the grain filling characteristics of HF and LF were investigated in our study.  Our results suggested that a high-
er leaf photosynthetic rate and root activity during filling phase, greater biomass accumulation and assimilate transport after 
heading, and longer, thicker and more erect upper three leaves were important morphological and physiological traits of HF, 
and these traits could be considered as selection criterion to develop large-panicle varieties with high filled-grain percentage.
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1. Introduction
Expanding the sink size through increase in spikelets 
per panicle has been proven as an effective approach to 
increase rice yield in China (Li et al. 2012; Zhang H et al. 
2013).  In recent years, rice varieties with large panicles 
(with numerous spikelets per panicle), e.g., japonica/indica 
hybrids and ‘super’ rice, have become available in pro-
duction (Cheng et al. 2007).  These large-panicle varieties 
often show larger sink sizes and higher yield potential over 
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conventional varieties (Laza et al. 2004; Jiang et al. 2014). 
However, majority of these large-panicle varieties have 
always failed to achieve the expected yield performance 
in production, mainly due to poor grain filling (Zhang et al. 
2012; Li et al. 2013).  Many physiological causes that are 
responsible for grain filling problem of large-panicle varieties 
have been proposed, such as source limitation (Shi et al. 
1995; Yuan 1997), assimilates transport obstacles to grains 
(Yang et al. 2002), slow endosperm cell division rate (Li et al. 
2013), and unbalanced plant hormone concentrations (Yang 
et al. 2000, 2003; Zhang et al. 2009a; Zhang et al. 2012). 
Some studies have been conducted to determine the 
physiological traits associated with improved filling efficiency 
of rice, such as enhanced root activity and leaf photosyn-
thesis during grain filling (Zhang H et al. 2009b, 2013), 
increased pre-anthesis nonstructural carbohydrate reserves 
in the culm (Fu et al. 2011; Li et al. 2012).  Besides, some 
cultivation practices aimed to improve the filling efficiency 
of large-panicle varieties have also been proposed, e.g., 
moderate soil drying during the ripening phase (Yang and 
Zhang 2010) and spraying abscisic acid (ABA) during the 
early filling phase (Xu et al. 2007).  In recent years, a few 
studies have focused on large-panicle varieties with high 
filled-grain percentage, such as Nanjing 11, an indica variety 
developed in China (Kato et al. 2007, 2010).  To date, how-
ever, very few studies have focused on the morphological 
and physiological traits of large-panicle varieties with high 
filled-grain percentage.  Understanding these traits is of 
great importance to devise strategies for breeding programs 
and cultivation management practices. 
Recently, the Ningbo Academy of Agricultural Sciences, 
Zhejiang Province in China released two new large-panicle 
varieties, Yongyou 1540 and Yongyou 4540.  In our field 
experiment during two continuous cropping seasons, both 
Yongyou 1540 and Yongyou 4540 exhibited approximately 
350 spikelets per panicle, and had a filled-grain percentage 
(%) of nearly 90, respectively, indicating that Yongyou 1540 
and Yongyou 4540 are large-panicle varieties with high 
filled-grain percentage. 
The primary objective of this study was to identify the 
morphological and physiological traits underlying the im-
proved filling efficiency of Yongyou 1540 and Yongyou 4540. 
Yongyou 1540, Yongyou 4540 and two check large-panicle 
varieties with low filled-grain percentage were grown in the 
field.  We believe that this study will provide useful informa-
tion to breeders to develop large-panicle varieties with high 
filled-grain percentage.
2. Materials and methods
2.1. Locations and weather conditions
Field experiments were conducted at Bailiangqiao village, 
Ningbo City, Zhejiang Province, China (121.31°E, 29.45°N) 
in 2012 and 2013.  The soil was blue purple clay with organic 
matter (g kg–1) 26.8, total N (g kg–1) 1.7, available P (mg kg–1) 
19.8, and available K (mg kg–1) 75.9.  Meteorological data, 
including mean temperature, number of sunshine hours and 
precipitation from May to November (rice growing periods) 
of 2012 and 2013, are shown in Fig. 1.
2.2. Plant materials and cultivation management
Two large-panicle varieties with high filled-grain percentage 
(HF) and two check large-panicle varieties with low filled-
grain percentage (LF) were field-grown.  The two HF variet-
ies were Yongyou 1540 and Yongyou 4540, and the two LF 
varieties were Yongyou 240 and Yongyou 7177.  Details on 
these varieties are shown in Table 1.  The seeds of the four 
varieties were kindly provided by the Ningbo Seed Company 
(Ningbo, Zhejiang, China). 
The experiment was arranged in a complete randomized 
block design with three replications.  The plot covered 40 m2 
(8 m×5 m) in both years.  Pre-germinated seeds were sown 
in seedbeds on 18 May 2012 and 19 May 2013.  20-d-old 
seedlings of the four varieties were transplanted into open 
fields with two seedlings per hill.  The hill spacing was 30 cm 
row spacing and 13.2 cm plant spacing.  The N, P and K 
application rates were identical in all plots.  N application 
rate was 270 kg ha–1 in total, equally applied 1 d before 
transplanting, mid-tillering, panicle initiation, and the 2nd leaf 
from top stretching.  1 d before transplanting, 150 kg ha–1 
P2O5 and 100 kg ha
–1 K2O were applied to all plots.  Other 
cultivation practices, such as the control of insects and dis-
eases, were performed following local recommendations. 
The heading date (50% plants) of the four varieties was 
26–29 August in both years. 
2.3. Sampling and measurements
Twenty representative plants with average number of pan-
icles from each plot were collected at the stem elongation, 
heading and maturity stages to determine aboveground 
biomass and leaf area index.  Average number of panicles in 
each plot were determined from 100 hills from five different 
locations 1 d before each sampling stage.  Leaf area duration 
(LAD) was calculated with the following formula: LAD (m2 
m–2 d)=12(L1+L2)×(t2–t1), where, L1 and L2 are the 1st and 2nd 
measurements of leaf area (m2 m–2), respectively, and t1 and 
t2 represent the 1st and 2nd times (d) of the measurement.
Six representative plants with average number of panicles 
in each plot were collected at heading stage, 10, 20, 30, 40, 
50, 60 days after heading (DAH), and maturity stage.  These 
plants were divided into green leaves, panicles, stems (culm 
and sheath), and dead parts.  These organs were dried at 
75°C for 80 h to a constant weight to determine the dry 
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matter weight.  Leaf area per culm and specific leaf weight 
(SLW) were determined.
Plant morphological traits, including length, width and 
angle of upper three leaves, were measured with 15 main 
culms from each plot at heading stage.  The photosynthet-
ic rate of the upper three leaves on the culm at 0, 10, 20, 
30, 40, and 50 DAH was measured by a photosynthetic 
apparatus (LI-6400, Lincoln, NE).  Measurements were 
conducted between 10:00–11:30 a.m. under clear skies, 
and six replicates were measured for each variety.  The 
number of green leaves per culm was counted in the field 
(nine plants per variety) at 0, 12, 24, 36, 48, and 60 DAH.
Root oxidation activity (ROA) and root bleeding were 
determined at 0, 20, 40, and 60 DAH.  The root oxidation 
activity was defined as the oxidation ability of alpha-naph-
thylamine (α-NA), and was measured according to the 
methods described by Ramasamy et al. (1997).  Plants 
covering an area of 0.2 m2 were sampled from each plot 
to collect root bleeding sap on the aforementioned dates. 
Each plant was cut at 10 centimeter above the soil surface 
at 6: 00 in the afternoon.  Pre-weighed cotton (5 g) was then 
carefully put on the top of each cut plant and covered by a 
ziplock.  After 12 h, the ziplock was collected to determine 
root bleeding rate (g h–1 m–2).
In each plot, 400 panicles that flowered on the same day 
were marked. Ten marked panicles were collected at 3-d in-
tervals post anthesis to measure grain weight.  These tagged 
panicles were separated into six parts, i.e., upper primary 
branches (UP), upper secondary branches (US), middle pri-
mary branches (MP), middle secondary branches (MS), low 
primary branches (LP), and low secondary branches (LS). 
The classification was made as the followings: three parts, 
i.e., the upper, middle and lower parts of the panicle, were 
divided equally based on the number of primary branches. 
Then, the grains in each part were grouped into grains 
from the primary branches and grains from the secondary 
branches.  The equations for filling process of the grains in 
the six parts were fitted by DPS (Data Processing System, 
Tang and Feng 1997). 
Richards’ equation (Richards 1959), Y=A(1+Be–Kx)–
1
N, 
was reported as the best model to stimulate the grain-filling 
process of rice (Zhu et al. 1998), where A is the final grain 
weight, and B, N, and K are coefficients determined by re-
gression.  The maximum grain-filling rate (Rmax) and mean 
grain-filling rate (Rmean) were calculated with the following 
formulas:
Rmax= , Rmax=
AK
(1+N)
AK
2(N+2)N+1
N
In addition, Logistic equation, Y=A(1+Be–Kx)–1, was also 
used to fit the filling process of rice (Jiang et al. 2014), where 
A is the final grain weight, and B and K are coefficients de-
termined by regression.  The Rmax and Rmean were calculated 
with the following formulas: 
Rmax= , Rmax=
AK
4
AK
InB+4.595  
In our study, for each of the six parts on the panicle, the 
equation with a better fit (Richards’ or Logistic) based on 
the value of fit coefficients was chosen to fit the grain-filling 
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Fig. 1  The mean temperature (A), sunshine hours (B) and 
precipitation (C) during the two rice growing seasons of 2012 
and 2013 at the experimental site of Ningbo, Zhejiang Province, 
respectively.
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processes.
All plants from an 8-m2 area in each plot were collected 
to determine grain yield, adjusted to 14% moisture con-
tent. Plants covering an area of 1 m2 (excluding the border 
rows) in each plot were collected to determine the number 
of panicles m–2.  Thirty representative plants with average 
number of panicles in each plot were collected to determine 
number of spikelets per panicle, filled-grain percentage and 
1 000-grain weight.  The filled-grain percentage was calcu-
lated from the percentage of filled grains (specific gravity≥ 
1.06 g cm–3) and the total number of spikelets.
Data were analyzed using analysis of variance (ANOVA) 
with SPSS 17.0.  In the analysis, sources of variation in-
cluded year, replication, variety, group, and the interactions 
between year and variety, and between year and group. 
Means comparison was performed using the least signifi-
cant difference at P=0.05 (LSD0.05) and at P=0.01 (LSD0.01).
3. Results
3.1. Grain yield components
Variety group differences in grain yield were significant 
(Table 2).  The grain yield of HF was 12.9 t ha–1, while that 
of LF was 11.0 t ha–1, when values were averaged across 
two years.  The number of spikelets per panicle of HF and 
LF were both approximately 350.  The filled-grain percent-
age of HF was approximately 90%, while that of LF was 
approximately 75% across the two years.  All the measure-
ments showed significant differences among groups, while 
variation due to interaction between year and variety was 
not significant (Table 2).  Both sterile spikelets and partially 
Table 1  Details on these varieties in the experiment 
Group/Variety1) Spikelets per panicle Percentage of filled grains (%) Entire growth period (d) Plant height (cm)
HF
Yongyou 1540 >300 89–91 168–170 138–140
Yongyou 4540 >300 89–91 169–170 137–140
LF
Yongyou 240 >300 74–76 168–169 140–142
Yongyou 7177 >300 72–74 168–169 140–143
1) HF, large-panicle varieties with high grain filling; LF, large-panicle varieties with low grain filling.  The same as below.
Table 2  Grain yield and yield components
Year/Group/Variety Panicles m–2 Spikelets per panicle Spikelets m–2 (×103)
Percentage of
filled grains (%)
1 000-grain weight (g) Grain yield
(t ha–1)
2012
HF
Yongyou 1540 198 373.5 73.9 89.5 21.2 12.7
Yongyou 4540 191 384.6 73.2 90.6 20.5 13.0
LF
Yongyou 240 201 367.6 74.0 75.8 20.3 11.1
Yongyou 7177 210 359.4 75.4 72.1 20.4 10.2
LSD0.05 8.9 21.1 2.5 3.6 0.4 1.4
2013
HF
Yongyou 1540 191 363.2 69.1 90.3 20.7 12.9
Yongyou 4540 197 362.8 71.2 89.6 20.8 12.7
LF
Yongyou 240 216 347.5 75.1 74.8 20.6 11.6
Yongyou 7177 210 362.9 76.2 73.4 20.1 10.8
LSD0.05 12.3 13.9 1.6 2.3 0.3 1.3
Analysis of variance
Year ns 9.90** 7.62* ns ns ns
Group 44.55** 9.10** 52.50** 676.98** 42.85** 41.55**
Variety ns ns 4.86* ns 15.42** ns
Year×Group ns ns 22.33** ns ns ns
Year×Variety ns ns ns ns ns ns
ns, not significant at the 0.05 probability level by LSD test.  *, significant at the 0.05 probability level by LSD test; **, significant at the 0.01 
probability level by LSD test.  The same as below.
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filled spikelets contributed to the poor grain filling of LF, with 
partially filled spikelets being the major contributing factor. 
Variations due to interaction between year and variety as 
well as interaction between year and group were not sig-
nificant (Table 3). 
3.2. LAD, dry matter accumulation and changes in 
culm and sheath dry weight after heading
The leaf area duration (LAD) of LF from jointing to heading 
was higher than HF across the two years, while the opposite 
result was observed from heading to maturity (Table 4).
Compared with HF, the dry matter accumulation of LF 
from jointing to heading was higher.  The dry matter accu-
mulation of HF from heading to maturity was significantly 
greater than LF across the two years (Fig. 2). 
The four varieties showed similar changes in the culm 
dry weight after heading.  The culm dry weight of Yongyou 
1540 and Yongyou 7177 decreased between heading and 
20 days after heading (DAH), while that of Yongyou 4540 
and Yongyou 240 decreased between heading and 30 DAH, 
and weights increased thereafter for all four varieties.  The 
differences in the culm dry weight values of Yongyou 240 and 
Yongyou 7177 between heading and maturity were 110.1 
and 106.5 g m–2, respectively, while those of Yongyou 1540 
and Yongyou 4540 were 71.7 and 36.7 g m–2, respectively 
(Fig. 3).
3.3. Leaf type traits, leaf photosynthetic rate, number 
of green leaves, and root activity
When values were averaged across two years, the length 
(cm) of the upper three leaves on the main culm of HF was 
39.1 for flag leaf, 50.5 for the 2nd top leaf, and 48.2 for the 
3rd top leaf, respectively.  The length of upper three leaves 
of HF was significantly higher than that of LF, while no sig-
nificant difference was observed in the width of upper three 
leaves between HF and LF in both years.  Compared with 
LF, the angle of upper three leaves on the main culm was 
less.  Meanwhile, specific leaf weight of HF was significantly 
higher when compared with LF (Table 5).
The changes in the leaf photosynthetic rates of HF and 
LF during grain filling are shown in Fig. 4.  The leaf photo-
synthetic rate at heading and 10 DAH did not differ signifi-
cantly between HF and LF.  After 20 DAH, HF exhibited a 
consistently higher leaf photosynthetic rate compared with 
LF over the two years (Fig. 4).  HF had a significantly higher 
number of green leaves on the culm after 12 DAH compared 
with LF, indicating that leaf senescence of HF was lower 
during the filling phase (Fig. 5). 
Similar trends in the leaf photosynthetic rate of HF and 
LF were observed during the filling phase.  HF showed a 
Table 3  Percentage of sterile spikelets and partially filled 
spikelets 
Year/Group/Variety
Percentage of
sterile spikelets (%)
Percentage of partially 
filled spikelets (%)
2012
HF
Yongyou 1540 6.3 4.2
Yongyou 4540 4.9 4.5
LF
Yongyou 240 7.8 16.4
Yongyou 7177 8.9 19.0
LSD0.05 1.4 2.1
2013
HF
Yongyou 1540 5.7 4.0
Yongyou 4540 6.2 4.2
LF
Yongyou 240 8.2 17.0
Yongyou 7177 7.4 19.2
LSD0.05 1.9 2.5
Analysis of variance
Year ns ns
Group 69.02** 565.44**
Variety ns 52.24**
Year×Group ns ns
Year×Variety ns ns
Table 4  Leaf area duration of all the four varieties at main 
growth stages
Year/Group/Variety
Leaf area duration (m2 d ha–1)
 Before 
jointing
Jointing to 
heading
 Heading to 
maturity
2012
HF
Yongyou 1540 169 214 433
Yongyou 4540 159 200 442
Mean 164 207 437
LF
Yongyou 240 172 224 415
Yongyou 7177 166 223 403
Mean 169 223 409
2013
HF
Yongyou 1540 178 231 404
Yongyou 4540 191 242 414
Mean 185 236 409
LF
Yongyou 240 185 242 388
Yongyou 7177 178 238 382
Mean 181 240 385
Analysis of variance
Year 43.50** 189.97** 55.05**
Group ns 50.16** 19.93**
Variety ns ns ns
Year×Group ns 13.32** ns
Year×Variety 4.85* 9.60** ns
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Fig. 2  Dry matter accumulation from different growth stages of 
rice in 2012 and 2013.  BJ, before jointing.  J–H, from jointing 
to heading.  H–M, from heading to maturity.  Different letters 
indicate significant difference at the 0.05 probability level within 
the same growth stage based on the LSD test.  Vertical bars 
represent ±standard deviation of the mean (n=3).  The same 
as below.
higher root oxidation activity and root bleeding rate after 
20 DAH compared with LF (Fig. 6).
3.4. Changes in grain weight during grain filling
The weight of the grains on UP and MP of HF and LF in-
creased rapidly until 24 days and 30 days post anthesis, 
respectively, and remained relatively stable thereafter 
(Fig. 7).  For HF and LF, the filling processes of the grains 
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Fig. 3  Changes in dry weight of culm at 10-d intervals from 
heading to maturity.  Data are from the results in 2013.  DAH 
indicates days after heading.  
on the MS and LS fit the Logistic equation well, while those 
of the grains in the other parts fit the Richards’ equation well. 
The parameters of Richards’ equation or Logistic equation 
for fitting grain filling processes of grains in six parts on the 
panicle were listed in Table 6.  The Rmax and Rmean of the 
grains in the six parts of the panicle of HF were consistently 
higher than the corresponding parts of LF (Table 7).
4. Discussion
Enlarging the sink capacity through increase in spikelets 
per panicle has become an important strategy in current 
high-yielding breeding programs and cultivation practices 
(Peng et al. 2008; Xiong et al. 2013).  Ohsumi et al. (2011) 
stated that there was a negative correlation between the 
number of spikelets per panicle and the filled-grain percent-
age.  Yang et al. (2002) reported that large-panicle japonica/
indica hybrids with high grain filling could be developed 
through the selection of suitable parent materials.  In our 
study, both Yongyou 1540 and Yongyou 4540 (HF) exhibited 
approximately 350 spikelets per panicle, which is obviously 
higher than that of the conventional varieties (100–200) in 
production (Zhang Z et al. 2013).  Meanwhile, the filled-
grain percentage (%) of Yongyou 1540 and Yongyou 4540 
were both approximately 90.  These results indicate that 
it is possible to develop large-panicle varieties with high 
filled-grain percentage.
It is noteworthy that HF exhibited a consistently higher 
root oxidation activity and root bleeding rate after 20 DAH 
(Fig. 5), leaf photosynthetic rate, leaf area duration (LAD), 
and biomass accumulation during grain filling compared with 
LF (Figs. 2 and 4, Table 4).  A high leaf photosynthetic rate, 
LAD and biomass accumulation are often regarded as im-
1757MENG Tian-yao et al.  Journal of Integrative Agriculture  2016, 15(8): 1751–1762
Table 5  Length, width, and angle of the upper three leaves, specific leaf weight (SLW) of rice varieties at heading
Year/Group/Variety
Flag leaf The 2nd top leaf The 3rd top leaf
SLW (g m–2)Length 
(cm)
Width 
(cm)
Angle 
(°)
Length 
(cm)
Width 
(cm)
Angle 
(°)
Length 
(cm)
Width 
(cm)
Angle 
(°)
2012
　 　 　 　 　 　 　 　 　
HF
Yongyou 1540 40.8 2.4 6.0 50.3 1.9 8.4 48.0 1.8 11.3 54.6
Yongyou 4540 38.3 2.3 6.5 49.8 1.7 9.0 47.5 1.7 12.7 56.7 
LF
Yongyou 240 36.5 2.2 10.0 46.9 1.8 13.2 44.5 1.7 15.1 51.1 
Yongyou 7177 37.8 2.5 12.5 48.7 2.0 14.8 46.1 1.9 16.2 52.2 
LSD0.05 3.1 0.2 3.8 1.9 0.3 2.1 3.8 0.6 1.3 3.5
2013
HF
Yongyou 1540 38.3 2.2 7.6 50.7 1.8 9.7 48.3 1.7 12.5 58.4 
Yongyou 4540 39.3 2.3 8.5 51.3 1.9 10.2 49.2 1.9 12.0 57.2 
LF
Yongyou 240 37.1 2.3 9.2 48.3 1.8 12.8 46.7 1.8 15.5 53.9 
Yongyou 7177 36.9 2.4 10.2 47.7 1.9 13.5 45.2 1.8 15.9 54.8 
LSD0.05 1.9 0.3 3.3 2.3 0.2 1.7 3.5 0.2 1.4 4.0
Analysis of variance
Year ns ns ns ns ns ns ns ns ns ns
Group 13.84** ns 18.59** 34.23** ns 109.05** 11.01** ns 157.12** 20.39**
Variety ns ns ns ns ns ns ns ns ns ns
Year×Group ns ns 4.71* ns ns 6.65* ns ns ns ns
Year×Variety ns ns ns ns ns ns ns ns 5.27* ns
portant indices of active shoot growth (Zhang et al. 2009b). 
Interdependent relationships between the roots and shoots 
of crops have been widely recognized; that is, an active 
shoot can maintain root activity, and active roots can im-
prove shoot growth (Zhang et al. 2009b; Chu et al. 2014; 
Ning et al. 2014).  In our study, HF exhibited both greater 
shoot and root activity during the filling phase compared 
with LF, suggesting that a synchronously improved root 
and shoot system during grain filling is important trait of HF.
In our study, the spikelets m–2 (×103) of HF was nearly 70, 
close to that in super high-yielding population (over 18.5 t 
ha–1) achieved in Taoyuan, Yunnan Province, China (Li et al. 
2009).  The greater spikelets m–2 of HF relative to LF not 
only indicated higher yield potential in HF, but also indicated 
great demand of carbohydrates for grain filling.  It is believed 
that the main supply of carbohydrates for rice grain filling is 
derived from leaf photosynthesis after heading (Wei 2009). 
In this study, when values were averaged across two years, 
the length (cm) of the upper three leaves on the main culm 
of HF was 39.1 for flag leaf, 50.5 for the 2nd top leaf, and 
48.2 for the 3rd top leaf, respectively.  The length of upper 
three leaves of HF was consistently higher than that of LF, 
while no significant difference was observed in the width of 
upper three leaves between HF and LF.  Meanwhile, the 
mean specific leaf weight (SLW) of HF was 56.7 g m–2, 6.5% 
higher than that of LF, indicated HF had thicker leaves than 
LF.  Leaf thickness is positively correlated with leaf photo-
synthesis rate (Lin et al. 2003).  In addition, when values 
were averaged across two years, the leaf angle of HF for 
upper three leaves was 3.3°, 4.3° and 3.6° lower than that 
of LF, respectively.  Erect leaf in HF could allow better light 
penetration into plant canopy, thus more penetration of irra-
diance to lower leaves could improve the photosynthesis of 
lower leaves and thereby enhance root activity (Zhang et al. 
2009).  Hence, our results suggest that the longer, thicker 
and more erect upper three leaves were the important plant 
morphological traits of HF. 
Khan et al. (1998) and Katsura et al. (2007) reported 
that high-yielding varieties often show greater biomass 
accumulation before heading rather than after heading. 
Murchie et al. (2002) and Deng et al. (2015) emphasized 
the importance of biomass accumulation after heading to 
high-yielding rice populations.  In our study, HF with higher 
yield performance, had less biomass accumulation before 
heading compared with LF in 2012 (data not shown), and 
HF had consistently higher biomass accumulation after 
heading than LF in both years (Fig. 2).  This result suggests 
that biomass production after heading might be of great 
importance in high-yielding varieties, which supports the 
conclusions of Murchie et al. (2002) and Deng et al. (2015).
Shi et al. (1995) and Yuan (1997) stated that poor 
dry matter production contributed to poor grain filling of 
large-panicle varieties.  Yang et al. (2002) reported that 
assimilate transport obstacles to grains rather than poor dry 
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matter production resulted in filling problem of large-panicle 
japonica/indica hybrids.  Zhu et al. (1997) reported that poor 
dry matter production and assimilate transport obstacles 
to grains co-limited the filling efficiency of a majority of 
large-panicle japonica/indica hybrids.  Here, our results 
demonstrated that biomass accumulation during the filling 
phase of LF was less compared with HF (Fig. 2).  In addi-
tion, for cereal crops, the transport of carbohydrates stored 
in the culm to the grains is widely considered as one of the 
important sources of carbohydrates for grain filling (Gebbing 
et al. 1999; Yang and Zhang 2006).  In our study, LF showed 
a greater difference in the dry culm weight value between 
Fig. 4  Changes in photosynthetic rate of top-three leaves on 
the culm at 0, 10, 20, 30, 40, and 50 DAH in 2012 and 2013. 
Vertical bars represent ±standard deviation of the mean (n=6). 
Fig. 5  Changes in number of green leaves on the culm at 0, 
12, 24, 36, 48, and 60 DAH in 2012 and 2013.  Vertical bars 
represent ±standard deviation of the mean (n=9). 
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heading and maturity stages compared with HF, indicating 
that LF exhibited lower transport of carbohydrates stored in 
the culm to the grains (Fig. 3).  Hence, this result suggests 
that poor assimilate production after heading and poor as-
similate transportation co-limited grain filling efficiency in LF. 
Prior to our study, little information was available on the 
description of the filling process of rice varieties with more 
than 300 spikelets per panicle.  Richards’ equation was 
regarded as the best model to simulate the filling process of 
superior and inferior spikelets, and has been widely adopted 
to analyze the grain filling characteristics of rice (Zhu et al. 
1988; Fu et al. 2011; Chen et al. 2013).  However, superior 
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and inferior spikelets account for a relatively small part of 
the whole panicle, and might not provide a comprehensive 
evaluation of the grain filling characteristics of the whole pan-
icle, especially in large-panicle varieties (Jiang et al. 2014). 
In our study, the grains in the panicle were separated into 
six parts; the filling processes of the grains on the MS and 
LS of HF and LF were well fit using the Logistic equation, 
and the filling processes of the grains in the other parts of 
the panicle were well fit using Richards’ equation (Table 6). 
Our results indicate that the filling process of the grains on 
the MS and LS might be well fit using the Logistic equation 
rather than Richards’ equation for large-panicle varieties. 
Generally, the grains in the upper position of the panicle 
often exhibit a high grain-filling rate (Yang 2010).  In our 
study, for HF and LF, the grain-filling rate of the grains on 
the UP was obviously higher compared with the grains in 
the other parts of the panicle, but the grain-filling rate of the 
grains on the US was relatively slow (Table 7).  The reason 
might be that grains located on the UP exhibited extremely 
strong apical dominance with respect to assimilate utiliza-
tion, which depressed the filling activity of the grains on the 
US (Mohapatra et al. 2009).  
5. Conclusion
Both Yongyou 1540 and Yongyou 4540 contained more than 
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Fig. 6  Changes in root oxidation activity (A, B), root bleeding rate (C, D) at 0, 20, 40, and 60 DAH in 2012 and 2013.  Vertical bars 
represent ±standard deviation of the mean (n=5).
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Table 6  Parameters of the fit equations for grain filling processes of grains in six parts on the panicle
Part in the panicle1)
HF2) LF
A B N K R2 A B N K R2
UP 17.94 7 222.23 3.1275 0.5021 0.989 17.71 5784.71 3.4223 0.4451 0.987
US 16.13 11 967.80 4.1091 0.2629 0.982 15.69 11622.51 4.0000 0.2547 0.985
MP 17.46 3 253.03 3.1275 0.3451 0.991 16.92 4747.08 3.1547 0.3523 0.991
MS 18.01 17.80 – 0.0920 0.992 16.32 19.49 – 0.0959 0.994
LP 14.74 11 238.80 3.1275 0.2281 0.987 13.52 9923.05 2.9093 0.2283 0.984
LS 17.52 38.51 – 0.0880 0.994 15.95 39.63 – 0.0893 0.996
1) UP, upper primary branches; US, upper secondary branches; MP, middle primary branches; MS, middle secondary branches; LP, low 
primary branches; LS, low secondary branches. The same as below.
2) A, B, N, and K are parameters of the fit equations for grain filling processes, respectively.  R2 is the determinant coefficient. 
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Fig. 7  Changes in grain weight in six parts of panicle of large-panicle varieties with high grain filling (HF) and large-panicle varieties 
with low grain filling (LF) at 3-d intervals post anthesis.  Data presented are means of the results in 2012 and 2013.  UP, upper 
primary branches; US, upper secondary branches; MP, middle primary branches; MS, middle secondary branches; LP, low primary 
branches; LS, low secondary branches.
300 spikelets per panicle and had a filled-grain percentage 
of nearly 90%, thus they could be considered as large-pan-
icle varieties with high filled-grain percentage.  Higher leaf 
photosynthetic rate and root activity during grain filling, 
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greater biomass accumulation and transport of assimilates 
to grains after heading, and longer, thicker, more erect upper 
three leaves are important morphological and physiological 
traits of HF, and these traits can be considered as important 
criteria in the selection of large-panicle varieties with high 
filled-grain percentage. 
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